Adhesive spinal arachnoiditis in the lumbar spine is considered to be a sequence of inflammatory changes in the cauda equina and the pia-arachnoid membrane. The possible etiologic factors have been reported as infections [6] , prolapsed intervertebral disc [7, 8, 23] , spinal surgery [1, 22, 26, 28] , myelographic dyes [2, 7, 11, 12] , and spinal anesthesia [1, 22] . Recently, clumping of the cauda equina in the central and peripheral region in the thecal sac has been described in MRI studies [5, 15, 24] . To date, among the possible etiologic factors in lumbar adhesive arachnoiditis, posterior surgical intervention to the lumbar spine seems to be the most possible and frequently associated cause. In the previous study, it was reported that tranAbstract Laminectomy-induced cauda equina adhesion has been proved by rat experiments and postoperative serial MRI in humans. A degenerative change of the cauda equina has been proved when cauda equina adhesion has been prolonged. Since it has not been reported how the nutritional supply is changed in such a condition, we evaluated the glucose supply to the adhered cauda equina in rats. Wistar rats were divided into the following three groups: the control group which received no operation, the laminectomy group which underwent L5-L6 laminectomy only, and the koalin group which received 5 mg of kaolin on the dorsal extradural space following L5-L6 laminectomy. Based on 3 H-methyl-glucose uptake study, we analyzed (1) glucose transport from the intraneural vessels to the nerve tissue, and (2) glucose transport from the cerebrospinal fluid to the nerve tissue. We evaluated the relation between the severity of cauda equina adhesion and 3 H uptake into the cauda equina. Cauda equina adhesion was observed in 2 of 12 rats in the control group, in 3 of 12 rats in the laminectomy group, and in 18 of 20 rats in the kaolin group. In the 3 H-methyl-glucose uptake study, at 12 weeks the glucose transport to the cauda equina from the vessels increased by 44%, and that from the cerebrospinal fluid decreased by 64% in the kaolin group compared with thecontrol group. In the condition of complete cauda equina adhesion, the glucose transport to the cauda equina from the vessels increased by 53% and that from the cerebrospinal fluid remarkably decreased by 72% compared with the normal cauda equina. Considering the greater nutritional importance of the cerebrospinal fluid in the cauda equina, it is most likely that the impairment of nutritional supply to adhered cauda equina may lead to eventual neural degeneration.
Introduction
Adhesive spinal arachnoiditis in the lumbar spine is considered to be a sequence of inflammatory changes in the cauda equina and the pia-arachnoid membrane. The possible etiologic factors have been reported as infections [6] , prolapsed intervertebral disc [7, 8, 23] , spinal surgery [1, 22, 26, 28] , myelographic dyes [2, 7, 11, 12] , and spinal anesthesia [1, 22] . Recently, clumping of the cauda equina in the central and peripheral region in the thecal sac has been described in MRI studies [5, 15, 24] . To date, among the possible etiologic factors in lumbar adhesive arachnoiditis, posterior surgical intervention to the lumbar spine seems to be the most possible and frequently associated cause. In the previous study, it was reported that tranAbstract Laminectomy-induced cauda equina adhesion has been proved by rat experiments and postoperative serial MRI in humans. A degenerative change of the cauda equina has been proved when cauda equina adhesion has been prolonged. Since it has not been reported how the nutritional supply is changed in such a condition, we evaluated the glucose supply to the adhered cauda equina in rats. Wistar rats were divided into the following three groups: the control group which received no operation, the laminectomy group which underwent L5-L6 laminectomy only, and the koalin group which received 5 mg of kaolin on the dorsal extradural space following L5-L6 laminectomy. Based on 3 H-methyl-glucose uptake study, we analyzed (1) glucose transport from the intraneural vessels to the nerve tissue, and (2) glucose transport from the cerebrospinal fluid to the nerve tissue. We evaluated the relation between the severity of cauda equina adhesion and 3 H uptake into the cauda equina. Cauda equina adhesion was observed in 2 of 12 rats in the control group, in 3 of 12 rats in the laminectomy group, and in 18 of 20 rats in the kaolin group. In the 3 H-methyl-glucose uptake study, at 12 weeks the glucose transport to the cauda equina from the vessels increased by 44%, and that from the cerebrospinal fluid decreased by 64% in the kaolin group compared with thecontrol group. In the condition of complete cauda equina adhesion, the glucose transport to the cauda equina from the vessels increased by 53% and that from the cerebrospinal fluid remarkably decreased by 72% compared with the normal cauda equina. Considering the greater nutritional importance of the cerebrospinal fluid in the cauda equina, it is most likely that the impairment of nutritional supply to adhered cauda equina may lead to eventual neural degeneration. sient or permanent cauda equina adhesion frequently occurred early after lumbar laminectomy in rats and humans [15, 18] . Moreover, cauda equina adhesion was prolonged and nerve degeneration frequently occurred when a retained foreign body was put on the dura [33] . Interference with the nutritional supply to the nerve tissue may be one of the factors that induce the degeneration and functional changes of the nerve roots. The nutritional supply to the cauda equina may change when the cauda equina is adhered. There have been only a few studies of nutritional supply to the cauda equina [25] . In this investigation, we evaluated the glucose supply to the adhered cauda equina in rats using radioisotope-labeled methyl-glucose. In addition, the relation between the severity of the cauda equina adhesion and the changes of the glucose supply to the cauda equina was investigated.
Materials and methods
A total of 46 male Wistar rats weighing 450-600 g (Japan SLC, Shizuoka) were used for this study. These rats were raised on a general diet CE-2 (Clea Japan, Tokyo) under a controlled environment of 23°C and 55% humidity.
The rats were divided into three groups: in the control group, 12 rats underwent no operation; in the laminectomy group, 12 rats underwent L5-L6 laminectomy only; in the kaolin group, 22 rats received 5 mg of kaolin on the dorsal extradural space following L5-L6 laminectomy. All rats were anesthetized by intraperitoneal injection of 30 mg/kg pentobarbital sodium with 10,000 U/kg penicillin G potassium. In the laminectomy and kaolin groups, the lumbosacral area was shaved and the skin was prepared with povidone iodine. A longitudinal midline incision was made in the lower lumbar region, and carried sharply down to the lumbasacral fascia. The fascia was precisely divided, and a subperiosteal dissection was done to expose the spinous processes and laminae at the level from L5 to L6. Bilateral grooves were made on the laminae from L5 to L6 under magnification using a Micro 100 Drill (Zimmer, Santa Barbara, Calif.) with a tiny diamond bar. Then, the L5 and L6 laminae and the bilateral facet joints were removed so as not to come into contact with the dura mater. After washing with saline, the wound was closed with silk thread in the laminectomy group. In the kaolin group, 5 mg of kaolin was spread over the dorsal extradural space before wound closure. The rats were returned to their individual cages and allowed food and water intake ad libitum. The absence of paralysis in the hind limbs was confirmed after the rats awoke from anesthesia. In all rats, no macroscopic or microscopic findings of wound infection were observed. The operated rats were killed at 6 weeks and 12 weeks after surgery for the following experiments (Figs. 1, 2).
Injection of 3 H-methyl-glucose into the femoral vein
Under the pentobarbital anesthesia, the epidural space was exposed at the level of occipito-C1 to obtain cerebrospinal fluid in the control group (n = 7), the laminectomy 6 weeks group (n = 3), the laminectomy 12 weeks group (n = 3), the kaolin 6 weeks group (n = 5), and the kaolin 12 weeks group (n = 7). 3 H-methyl-glucose (3.7 MBq/kg, Amersham Searle, Arlington Heights, Ill.) was administered into the femoral vein of each rat. The rats were sacrificed by exsanguination 3 min after the bolus injection and frozen by liquid nitrogen in a metal case. Thereafter, the spinal cord at the T12 level, the cauda equina at the L5 level, sciatic nerve, and paravertebral muscle were immediately removed. After weighing each specimen, each tissue was washed with saline and tritium was collected by an automatic combustion system (Aloka ACS, Tokyo), and measured by a liquid scintillation counter (Aloka LSC-903). The radioactivity of each tissue was calculated based on the wet tissue weight [count per minute (cpm)/g]. Arterial blood was simultaneously taken from the left ventricle and centrifuged to obtain plasma. The cerebrospinal fluid was immediately taken from the subarachnoid space at the occipito-C1 level. The 3 Hmethyl-glucose concentrations of plasma and cerebrospinal fluid were also measured (cpm/g). The results were represented as the cpm ratio to plasma (%), i.e., the radioactivity of each tissue or fluid (cpm/g) × 100 / the radioactivity of plasma (cpm/g).
Injection of 3 H-methyl-glucose into the subarachnoid space C1 laminectomy was performed after exposure of the epidural space at the level of occipito-C1 under the pentobarbital anesthesia in the control group (n = 5), laminectomy 6 weeks groups (n = 3), laminectomy 12 weeks group (n = 3), kaolin 6 weeks group (n = 5), and kaolin 12 weeks group (n = 5). 3 H-methyl-glucose (0.0925 MBq/kg) was injected into the subarachnoid space in each rat through a polyethylene tube (PE 10 tube, 13F, Igarashi Ika Kogyo, Tokyo) that was introduced from the cervical region into the thoracolumbar region through the subarachnoid space. The rats were sacrificed 3 min after the bolus injection. The tissue preparation and the analysis of 3 H-methyl-glucose were done in the same manner as in the intravenous injection study. The results were represented based on the wet weight (cpm/g).
Histological investigation
An L6 segment of the spine was harvested en bloc and fixed in 10% phosphate-buffered formalin. The specimens were decalcified using a Plank Rychlo solution (7.0 g aluminum chloride, 8.5 ml 37% hydrochloric acid and 5.0 ml 95% formic acid in 100 ml solution). The L6 vertebra was cut with a razor blade and embedded in paraffin to prepare a 6 µm cross-section. The cross-sections at the L6 level were stained with hematoxylin and eosin. The specimens were evaluated by three individuals in a blind manner.
Adhesion of the cauda equina was classified into grades I-IV based on the number/severity of adhesive change [33] : grade I, Fig. 1 Scheme of the experimental set-up. After the rats were killed, the spine of L6 was decalcified en bloc and stained with hematoxylin and eosin for light-microscopic study normal finding, most nerve rootlets are distributed separately in the subarachnoid space; grade II, grouping of more than half of the nerve rootlets; grade III, grouping of all nerve rootlets or adhesion to form a lump; grade IV, lumped adhesion of all nerve rootlets that are adhered to the dura and the extradural scar tissue.
Statistical analysis
The Mann-Whitney U test was used for statistical comparison between the two experimental groups. We statistically evaluated the relation between the severity of cauda equina adhesion based on the 4-grade classification and the value of the nutritional supply to the cauda equina using the Kurskal-Wallis test.
Results

Cauda equina adhesion
In the control group, the cauda equina showed normal findings (grade I) in 10 of 12 rats. The cauda equina showed grade II adhesion in 2 of 12 rats. Completely grouped nerve rootlets (grade III) were not observed. In the laminectomy 6 weeks group, the cauda equina was completely or partially conglomerated in two rats, and showed normal findings in four rats. In the laminectomy 12 weeks group, normal cauda equina was observed in five rats and completely grouped nerve rootlets were observed in one rat. There was a wide variety of findings, from grade I to grade III, in the kaolin 6 weeks group 312 Fig. 2 A, 
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(grade I in two rats, grade II in six rats, grade III in two rats). In the kaolin 12 weeks group, the cauda equina was completely or partially conglomerated (grade II in six rats, grade III in four rats). In the present study, there were no rats with grade IV (Table 1) . 3 H-methyl-glucose uptake from the blood vessels In the control group, the cpm ratio to plasma in the cauda equina was similar to that in the paravertebral muscle and lower than that in other tissues. In the cauda equina, the cpm ratio to plasma was significantly higher in the kaolin 12 weeks group than in the control group (kaolin 12 weeks; 18.2%; control: 12.6%: P = 0.0424). The cpm ratio to plasma in the kaolin 12 weeks group was 144% that of the control group (Fig. 3) . In each tissue, the cpm ratio to plasma in the laminectomy 6 and 12 weeks groups was similar to that in the control group. There was no significant difference between the groups in the cerebrospinal fluid, spinal cord, sciatic nerve, and paravertebral muscle. These results were reanalyzed from the viewpoint of the histological classification of cauda equina adhesion. In the cauda equina, the cpm ratio was significantly higher in grade III than in grade I (grade III: 19.0%; grade I: 12.4%; P = 0.0101). The cpm ratio to plasma of grade III was 153% that of Grade I. There was no significant difference in the other tissues (Fig. 4) . In all groups, only a small amount of radioactivity was measured in the plasma, sciatic nerve and paravertebral muscle. In the control group, the concentration of 3 Hmethyl-glucose in the cauda equina was higher than that in the spinal cord. However, in the kaolin 12 weeks group, the cpm per gram in the cauda equina was lower than that in the spinal cord. In the cauda equina, the radioactivity in the kaolin 12 weeks group was significantly lower (Fig. 5) ; it was only 34% of that in the control group (kaolin 12 weeks: 0.99 × 10 5 cpm/g; control group: 2.94 × 10 5 cpm/g; P = 0.0143). In each tissue, the radioactivity in the laminectomy 6 and 12 weeks groups was similar to that in the control group. There was no significant difference between any group in the cerebrospinal fluid, plasma, spinal cord, sciatic nerve, and paravertebral muscle. Considering the histology of the cauda equina, the cpm per gram of grade III was significantly lower than that of grade I (grade I: 2.53 × 10 5 cpm/g; grade III: 0.7 × 10 5 cpm/g; P = 0.0045). The radioactivity of the cauda equina in the grade III group was 28% that of the grade I group (Fig. 6 ).
Discussion
Kaolin is a substance that induces severe inflammation and is often used to induce experimental arachnoiditis or syringomyelia. In the present study, laminectomy-induced cauda equina adhesion was also enhanced by kaolin. It is speculated that an increased severity of the epidural inflammation may affect the cauda equina because some inflammatory substances may pass through the dura mater [17] or may perfuse through the rapid transport route between the epidural space and the intraneural capillaries of the nerve roots [4] . Moreover, in the previous study, when cauda equina adhesion occurred in the kaolin group, nerve degeneration was observed in three of five rats at 1 week after surgery [33] . Postlaminectomy cauda equina adhesion, which may be an initial change of adhesive arachnoiditis, can be enhanced by kaolin [18, 33] . There are only a few experimental studies on the nutritional supply to the cauda equina. Rydevik et al. reported that the glucose supply to the cauda equina is provided by the cerebrospinal fluid (58%) and by the nutrient vessels (35%) [25] . Thus, diffusion from the cerebrospinal fluid seems to be of greater importance than the nutrition from the blood vessels within the nerve roots. The blood-brain barrier lies between vessels and the nerve tissue in the central nervous system and restricts the exchange of various substances [20, 21, 29] . On the other hand, various substances are transported easily from the cerebrospinal 314 Fig. 5 The cpm per wet weight of 3 H-methyl-glucose in each group after injection of 3 Hmethyl-glucose into the subarachnoid space Fig. 6 The cpm per wet weight of 3 H-methyl-glucose after injection of 3 H-methyl-glucose into the subarachnoid space based on the severity of cauda equina adhesion fluid to the nerve tissue. Van Deurs [31] and Wagner et al. [32] reported that horseradish peroxidase tracer injected into the cerebrospinal fluid is rapidly transported to the microvessels in the brain. Kobayashi et al. reported that tracer injected into the subarachnoid space is also transported into the vessels in the nerve roots [13] . In the current study, diffusion from the cerebrospinal fluid to the cauda equina was decreased according to the severity of cauda equina adhesion. These results indicated that cauda equina adhesion can disturb the diffusion of methyl-glucose from the cerebrospinal fluid to the conglomerated nerve roots.
In the intravenous injection study, when all nerve rootlets were adhered to form a lump, the transport of methyl-glucose from the intraneural vessels to the cauda equina was increased. A speculative possibility is that there may be a compensative mechanism for the absence of appropriate amounts of glucose from the cerebrospinal fluid to maintain a constant nerve glucose influx. McCall et al. reported that chronic hypoglycemia increases brain glucose transport [16] . Glucose is a water-soluble substance that does not easily pass through the lipid bilayer of cell membranes. However, a family of glucose transporting proteins (GLUT) allows the facilitative diffusion of D-glucose across cell membranes in a manner that is stereospecific, saturable, nonconcentrative, and not requiring energy or sodium [30] . The brain capillary endothelium is rich in GLUT 1, as it has tight intercellular junctions, constituting the blood brain barrier [3, 9, 10, 30] . Kumagai et al. reported that the expression of GLUT 1 mRNA and protein is increased at the blood brain barrier in chronic hypoglycemia in rats [14] . Harik et al. reported that hypoxia increases glucose transport at the blood-brain barrier in rats [10] . In addition, a previous study demonstrated that the O 2 pressure in nerve roots is decreased after removal of the cerebrospinal fluid in dogs [34] . In the current study, cauda equina adhesion may also disturb oxygen supply to the cauda equina from the cerebrospinal fluid. It seems that GLUT 1 in adhered nerve rootlets might be increased in order to compensate decreased glucose and oxygen transport from the cerebrospinal fluid.
In the previous rat experimental study, lumbar laminectomy caused a consistent increase in vascular permeability in the cauda equina very early after surgery [18] . Another possible speculation of increased glucose transport from the intraneural vessels is that vascular permeability may be increased under the inflammatory condition in the adhered cauda equina, resulting in increased glucose transport. An increase of glucose transport from the vessels in the cauda equina is considered to be multi-factorial.
In the previous studies, neural degeneration was observed in about 30-50% of rats with adhered cauda equina [19, 33] . Impairment of nutritional supply to the adhered cauda equina shown in the present study may lead to the neural degeneration. A reason for the ineffectiveness of neurolysis as the surgical treatment for lumbar arachnoiditis [27] may be neural degeneration following cauda equina adhesion. In the previous study, anti-inflammatory drugs suppressed cauda equina adhesion, and facilitated the recovery of cauda equina adhesion in rats [19] . The prevention of cauda equina adhesion is considered to be important for postlaminectomy adhesive arachnoiditis, which presents a variety of leg and low-back symptoms.
Conclusion
In the condition of cauda equina adhesion, the nutritional supply from blood was increased (to 153% of that of the normal cauda equina), and that from the cerebrospinal fluid was remarkably decreased (to 28% of that of the normal cauda equina). These conditions can be associated with or result in neural degeneration and functional changes in lumbar adhesive arachnoradiculitis. The results of the current study may play an important role in considering symptoms and possible therapeutic measures in lumbar adhesive arachnoradiculitis.
